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Abstract Pakchoi is an important vegetable grown in

worldwide that prefers a cool climate, and its growth is

severely affected by high temperatures in the summer.

Little is known for the molecular regulatory mechanisms of

high-temperature stress in pakchoi. The limited availability

of gene sequence has greatly affected molecular breeding

and functional genomic analysis. In this study, we con-

ducted comprehensive analyses for heat treatment in pak-

choi by RNA-Seq. Finally, 64.29 million clean reads

containing 32,666 unigenes with an N50 length of 1405 bp,

and a total length of 33.39 Mb were identified. Overall,

11,024 SSRs located in 8404 unigenes were obtained; these

findings will be very useful for molecular assisted breed-

ing. Totally, 1220 differentially expressed genes (DEGs)

were detected between the high-temperature group (TH)

and the control (CK), among which 699 DEGs were up-

regulated and 521 were down-regulated. The enrichment

analysis indicated that 12 GO subcategories and 9 KEGG

pathways were enriched significantly (P value \0.05).

Finally, six DEGs were validated by qRT-PCR, and the

results further verified the reliability of RNA-Seq. Herein,

we present the first comprehensive characterization of heat-

treated pakchoi using transcriptome analysis. Several

important genes that respond to high temperature were

identified, and their roles in heat stress responses are dis-

cussed. In conclusion, our study represents a fully char-

acterised pakchoi transcriptome. In addition, it provides the

important resources for future genomic and genetic studies

of pakchoi under heat stress.

Keywords Pakchoi � Heat stress � RNA-Seq �
Differentially expressed genes (DEGs) � SSR

Introduction

Pakchoi (Brassica rapa L. chinensis), also called non-

heading Chinese cabbage, originated from the middle and

lower area of Yangtze River in China. Pakchoi prefers cool

weather, which makes it difficult to grow in summer. To

meet market demand, it is now cultivated and supplied

year-round, and it is one of the major vegetables in China.

However, high-temperature stress in summer is the limiting

factor for the efficient production of pakchoi. The main

symptoms affected by high-temperature stress on pakchoi

include leaf scorching, elongation of the dwarf stem, leaf

senescence and abscission, loss of vigour, imbalances in

photosynthesis and respiration, and reductions of dry mass

of shoot, and net assimilation. Therefore, pakchoi pro-

duction is seriously affected by the high temperatures of

summer, especially in southern China. Heat tolerance is a

hot topic of research in pakchoi breeding.

Temperature stress affects a serial of biological and

molecular functions (Gracey et al. 2004). It has important

effects on chemical and physical processes in biological

systems (Scott and Johnston 2012). The temperatures stress

can affect several properties of structural components and

Communicated by W. Zhou.

Electronic supplementary material The online version of this
article (doi:10.1007/s11738-016-2269-5) contains supplementary
material, which is available to authorized users.

& Jinfeng Chen

jfchen@njau.edu.cn

1 State Key Laboratory of Crop Genetics & Germplasm

Enhancement, Nanjing Agricultural University,

Nanjing 210095, China

2 Institute of Vegetable Crops, Jiangsu Academy of

Agricultural Sciences, Nanjing 210014, China

123

Acta Physiol Plant (2016) 38:252

DOI 10.1007/s11738-016-2269-5

http://dx.doi.org/10.1007/s11738-016-2269-5
http://crossmark.crossref.org/dialog/?doi=10.1007/s11738-016-2269-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11738-016-2269-5&amp;domain=pdf


biomolecules of cells, including the activity, folding, sta-

bility, and assembly of proteins (Somero 1995); the struc-

ture of lipids (Simon et al. 1995; Pan et al. 2008); and the

fluidity of cell membranes (Ueda et al. 1976). As these

changes absolutely involve the transcriptional regulation of

large numbers of genes (Swindell et al. 2007; Zhang et al.

2010), it is important to characterise the specific heat-re-

lated pathways and genes that respond to heat stress. The

identification of these pathways and genes will enable the

mechanisms of heat tolerance to be understood. This new

information will enable genetic engineering strategies to be

employed to improve heat stress resistance in this vitally

important commodity.

RNA-Seq analysis is a mainly phenotyping technique

(Mortazavi et al. 2008). Using this method, lots of genes

can be identified, and the DEGs between two samples can

be uncovered. It is very useful for discovering the rela-

tionship between phenotypes and gene expression. The

RNA-Seq, using the second-generation sequencers, is a

useful tool for detecting the whole-genome gene expres-

sion. With its high resolution, RNA-Seq provides detailed

information on the gene structure (Van Verk et al. 2013). It

has been successfully used to identify potential resistance

genes of cold tolerance in olive flounder (Hu et al. 2014)

and wheat (Gulick et al. 2005), salt tolerance in the com-

mon bean (Hiz et al. 2014), and drought tolerance in cotton

(Bowman et al. 2013) and rice (Oono et al. 2014).

The purpose of our study was to use RNA-Seq to

investigate the differences in the transcriptional responses

of pakchoi grown at a high temperature versus at a suit-

able temperature. Moreover, we sought to identify those

genes that have important roles in heat tolerance. The

results will enable a well understanding of transcriptional

basis of adaptive heat stress mechanisms in this

commodity.

Materials and methods

Materials preparation and stress treatments

The pakchoi heat-resistant inbred line ‘GHQ’ was supplied

by the Jiangsu Academy of Agricultural Sciences (JAAS),

China, for use in this study. The seedlings were grown in

trays containing Pindstrup plus peat substrate (Pindstrup

Mosebrug A/S, Denmark). The trays were placed in an

artificial climate box with 14 h light under 28 �C and 10 h

dark under 20 �C. Three-week-old seedlings were exposed

to high temperatures (38/30 �C during the day/night). For

RNA-Seq, leaves were collected after the seedlings were

treated with high temperatures for 120 h (TH). The leaves

of seedlings grown at normal temperatures (28/20 �C, day/

night) were simultaneously collected as the controls (CK).

For qRT-PCR verification, leaves were collected after the

seedlings were treated with high temperature for 0, 6, 12,

24, 48, 72, 96, and 120 h, respectively. Each sample har-

vested randomly from 3 to 4 seedlings and was frozen in

liquid nitrogen and stored at -80 �C for RNA isolation.

RNA isolation, library construction, and sequencing

RNA was extracted from the materials using Trizol

Reagent according to the manufacturer’s instructions (In-

vitrogen, CA, USA). The RNA integrity and quality were

detected using the Agilent 2100 Bioanalyser (Agilent,

USA), and NanoDrop spectrophotometer (NanoDrop,

USA), respectively. Subsequently, the mRNA was divided

into small fragments under elevated temperature. The

paired-end libraries were constructed using Illumina

genomic sample prep kit. The cDNA was purified using the

Qiaquick PCR Extraction Kit (Qiagen, USA) and then

linked with adapters (Margulies et al. 2005). The multi-

plexed DNA libraries were mixed in equal volumes and

normalised to a concentration of 10 nM. Two normalised

cDNA libraries were constructed using RNA from the

high-temperature treatment and control. The libraries were

sequenced by using Illumina Hiseq 2000 platform

(Shanghai Personal Biotechnology Co. Ltd, China).

Data filtering and de novo assembly

For the analyses in this study, we constructed a

flowchart that started with data filtering and progressed to

functional enrichment analyses (Figure S1). The paired-end

raw reads were generated with lengths of 101 bp using

RNA-Seq. First, the read adaptor contamination was

removed from reads, then reads were checked using 5 bp

windows from 30 to 50 end to trim the bases with the low

quality (Q\ 20). The reads with final lengths of less than

50 bp were also removed. The sequences with low quality

(Q\ 5) and ambiguous ‘N’ bases (‘N’ ratio[10 %) were

removed from the raw reads. After filtering, the reads were

assembled into contigs, transcripts, and unigenes by the

Trinity Software (http://trinityrnaseq.sf.net) with the

default settings, except for K-mer value. All genes were

searched against the non-redundant database of the NCBI

using BLAST program, and the best-hit transcripts were

chose as unigenes.

The gene annotation, gene expression,

and functional enrichment analyses

All assembled unigenes were annotated by comparing their

sequences with the publicly available protein databases,

including the Non-redundant (http://www.ncbi.nlm.nih.

gov), KEGG (http://www.genome.jp/kegg), GO (http://
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www.geneontology.org), and evolutionary genealogy of

genes: NOGs (http://eggnog.embl.de) databases by BLAST

(e value \1 9 10-5). The RPKM defined as reads per

kilobase of exon per million mapped reads were used to

normalise the abundances of genes (Mortazavi et al. 2008).

The P value was calculated using DEseq program (Anders

and Huber 2010). Twofold change (FC[ 2) and P value

\0.05 were used to define the significantly differentially

expressed genes (DEGs) between treatment and control.

The ‘volcano plot’ indicated the distribution of DEGs. The

pathways involving the DEGs were detected by the KEGG

database, and the KEGG mapper (http://www.genome.jp/

kegg/tool/map_pathway2.html) was used to show the up-

regulated and down-regulated genes. The GO enrichment

analyses were performed by Blast2GO (Conesa et al. 2005;

Gotz et al. 2008). We also conducted enrichment analyses

using the KEGG database.

The SSR markers mining for pakchoi

The Microsatellite identification software (http://pgrc.ipk-

gatersleben.de/misa/) was used to detect SSR markers. The

threshold for mono-, di-, tri-, tetra-, penta-, and hexa-

nucleotide repeat motifs was set at 10, 6, 5, 5, 5, and 5,

respectively. The maximal number of bases interrupting 2

SSRs in a compound microsatellite was set as 100

according to a previous report (Song et al. 2015).

Validation of DEGs expression with quantitative

real-time PCR

The six randomly selected DEGs were quantified and

verified by quantitative real-time PCR (qRT-PCR). The

primers were designed according to the sequencing data

by Primer 5.0 (Table S1). The RNA was got from the

samples treated at 38/30 �C (day/night) after 0, 6, 12, 24,

48, 72, 96, and 120 h. Reverse cDNA was also synthe-

sised using PrimeScriptTM RT Reagent Kit (Takara). The

qRT-PCR was conducted by Eppendorf Mastercycler ep

realplex. The actin gene of pakchoi was used as an

internal control to normalise the expression levels, and all

experiments were conducted in triplicate (Xu et al. 2013).

The reaction was performed in a total 20 lL volume,

which contained 10 lL 29 SYBR real-time PCR

premixture (Takara), 1 lL diluted cDNA mix, and 0.4 lL

of each primer (10 mM). The thermal profile for the

SYBR Green RT-PCR was set as 95 �C for 4 min, then 35

cycles of 95 �C for 15 s, 57 �C for 15 s, and 72 �C for

25 s. The expression levels of each gene were analysed by

the comparative CT method (2-DDCT method) (Livak and

Schmittgen 2001).

Results

RNA-Seq and de novo assembly of pakchoi

transcriptome

To obtain an overview of the pakchoi transcriptome under

high-temperature treatment, we constructed and sequenced

two libraries from the heat-treated (TH) and control (CK)

groups. A large number of datasets were generated by

Illumina HiSeq 2000 when the two pakchoi cDNA libraries

(TH and CK) were sequenced. According to the Illumina

RNA transcriptome sequencing, a sequence can generate

2 9 101 base pairs (bp) from each paired-end (PE) of a

cDNA fragment. In total, there were 40,879,145 and

23,413,471 raw reads in the TH and CK groups, respec-

tively (Table 1). We used stringent criteria for quality

control by removing the low- quality reads. After filtering,

the base quality of the reads was checked and analysed

using FastQC. The results showed that the quality of bases

in the middle of the reads was larger than that of the two

ends of the reads (Figure S2a). However, the quality of

most bases was larger than 32 (Q[ 32), and the quality of

most reads was approximately 37 (Figure S2a, b). In

addition, we checked the percentages of A, T, C, and G in

each clean read. The results showed that these percentages

in the middle and 30 ends were relatively stable, and there

were only fluctuations at the 50 ends (Figure S3a). Fur-

thermore, the curve of the measured mean GC content was

highly consistent with the expected value (Figure S3b).

Therefore, the clean reads were of high quality and could

be used for further assembly and analyses. In total,

34,803,854 (TH) and 19,635,919 (CK) high-quality, clean

paired-end sequencing reads with a total of 6721,791,428

and 3,795,416,203 nucleotides were obtained for the two

libraries, respectively (Table 1).

The two libraries reads were combined to assemble the

pakchoi transcriptome. After the first assembly step, a total

of 169,324 contigs were obtained with a total length over

58.01 Mb (Table 2). The contig size was 343 bp averagely,

and contig N50 was 616 bp. Most contigs (61 %) were less

than 200 bp, while only 14 % of the contigs were more

Table 1 Statistics of sequencing data for heat-treated (TH) and

control (CK) libraries in pakchoi

Category TH CK

Paired raw reads 40,879,145 23,413,471

Paired clean reads 34,803,854 19,635,919

Useful reads (%) 85.14 83.87

Paired raw data (bp) 4,087,914,500 2,341,347,100

Paired clean data (bp) 6,721,791,428 3,795,416,203

Useful data (%) 85.22 81.05
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than 500 bp (Figure S4). The contigs were joined into

94,808 genes with length of 851 bp and total length of

80.68 Mb (Table 2). Forty-seven percent of the transcripts

were between 500 and 2000 bp in length, and 8 % of the

transcripts had lengths over 2000 bp (Fig. 1a). Finally,

32,666 unigenes got after combining the transcripts, with

the length of more than 33.39 Mb. The unigene length was

1022 bp averagely, and N50 was 1405 bp (Table 2). Sixty

percent of the unigenes were between 500 and 2000 bp in

length, and 10 % of the unigenes were larger than 2000 bp

(Fig. 1b). Therefore, the quality of this assembled unigenes

was credible and accurate.

Classification and function annotation

of the unigenes in pakchoi

All 32,666 unigenes were annotated according to Nr,

KEGG, GO, and eggNOG databases using the BLAST

program (E value \10-5). Most genes significantly mat-

ched in at least one of these databases. For example, the

eggNOG analysis revealed 25,946 unigenes with signifi-

cant homology, which were then assigned to the appro-

priate eggNOG functional categories. The eggNOG

database is used to divide the genes into several categories

based on the protein function and the domain. The egg-

NOG annotation results showed that the unigenes were

classified into 26 functional categories (Figure S5;

Table S2). However, most unigenes belonged to the

‘‘function unknown’’ and ‘‘general function prediction

only’’ categories (26.49 and 15.79 %, respectively), fol-

lowed by ‘‘signal transduction mechanisms’’ (8.05 %),

‘‘post translational modification, protein turnover, and

chaperones’’ (7.44 %), and ‘‘transcription’’ (5.10 %).

These annotations will provide rich valuable resources for

studying the specific processes and pathways involved in

heat stress in pakchoi or other related species.

Identification of SSR loci and analysis

of their characteristic information

The transcriptome datasets are very important resources for

the rapid development of genetic markers. A total of

11,024 SSRs were detected, which were located in 8404

unigenes; 2021 genes contained more than 1 SSR

(Table S3). The largest fraction of SSRs identified was

mononucleotide (4603), followed by tri-nucleotide (3175),

and di-nucleotide (3163) (Fig. 2a, b; Table S4). Among the

mononucleotide SSRs, A/T (4564) accounted for 99.2 % of

the mononucleotide repeats, while only contained 39 C/G

repeat. In the di-nucleotide SSRs, AG/CT (2628) accounted

for 83.1 % of the di-nucleotide repeats, and no CG/CG

repeats were detected. In the tri-nucleotide SSRs, AAG/

CTT repeats’ number (1124) was greater than that of other

tri-nucleotide repeats. The average frequency of SSRs was

one SSR per 3.0 kb. All of these SSRs identified in our

transcriptome datasets will be very useful resource for the

development of markers.

Detection of differentially expressed genes

between heat-treated and control pakchoi

The expression of each gene was calculated by RPKM to

normalise the transcript abundances (Table S5). To identify

the temperature response genes, 1220 significant DEGs

Table 2 Statistical summary of the contigs, transcripts, and unigenes for the de novo assembly

Category Total length (bp) Sequence no. Max length Average length N50 [N50 reads no. GC (%)

Contigs 58,014,083 169,324 16,496 343 616 19,413 43.40

Transcripts 80,676,928 94,808 10,678 851 1287 19,795 43.79

Unigenes 33,385,835 32,666 10,678 1022 1405 7877 44.59

Fig. 1 Length distributions and statistical analyses. a Transcripts; b unigenes
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were found between the heat-treated and control groups

(FC[ 2 and P value\ 0.05). Among these unigenes, 699

genes were up-regulated in TH compared with CK

(Fig. 3a; Table S6), and 521 genes were down-regulated in

TH compared with CK (Table S7). We also conducted a

cluster analysis for these DEGs and obtained robust cluster

results for the up- and down-regulated genes (Fig. 3b). On

the basis of this study, these genes were inferred to be

involved in the stress response to high temperatures in

pakchoi, and they may have important regulatory roles in

the heat resistance for pakchoi.

The GO and pathway enrichment analyses revealed

the function of key DEGs related to heat stress

To understand the functions of the DEGs, we performed

the GO enrichment analyses using all genes as background.

According to GO, the significant DEGs were divided into

three major functional categories, including biological

process, molecular function, and cellular component

(Table S8). These three categories could further divided

into 54 subcategories, and 12 of them were significantly

enriched with the P value \0.05 (Fig. 4; Table 3). Most

enriched subcategories belonged to the categories of bio-

logical process (8 subcategories) and cellular component (4

subcategories); there was no significant enrichment of

subcategories in the molecular function category. Among

cellular components, the extracellular region

(GO:0005576) was the most enriched subcategory. Among

the biological process categories, the four most enriched

subcategories were ‘‘response to endogenous stimulus

(GO:0009719)’’, ‘‘response to stress (GO:0006950)’’, ‘‘re-

sponse to abiotic stimulus (GO:0009628)’’, and ‘‘response

to biotic stimulus (GO:0009607)’’. These results showed

that most enrichment subcategories were related to stress,

abiotic and biotic stimuli, indicating the accuracy of our

study. These genes would greatly enhance the potential

utilization of pakchoi in heat stress.

The KEGG database uses molecular-level information

for the systematic understanding of high-level gene func-

tions in terms of networks of biological systems, such as

cells, organisms, and ecosystems. The unigenes were

searched against the KEGG database using BLASTX to

identify the biological pathways activated in the leaves of

pakchoi in response to heat stress. Of 32,666 annotated

unigenes in total, 13,836 unigenes and 489 DEGs had

significant matches in this database (Table S9).

All of these DEGs were generally assigned to six cate-

gories and were further divided into 38 subcategories

(Fig. 5; Table S9). Among 489 DEGs, 352 genes belonged

to the metabolism category, followed by organismal sys-

tems (51). Interestingly, most significantly enriched DEGs

(P value\0.05) belonged to the metabolism category and

were assigned into eight subcategories (Fig. 5). The

Fig. 2 SSR analyses in unigenes of the pakchoi transcriptome. a Number of SSRs for each SSR type; b the summary of SSRs from mono- to

pentanucleotide

Acta Physiol Plant (2016) 38:252 Page 5 of 12 252

123



organismal systems’ category only had one significantly

enriched subcategory, and the other four categories had no

enriched subcategories. In the metabolism category, the

first three subcategories were ‘‘amino-acid metabolism’’,

‘‘biosynthesis of other secondary metabolites’’, and

‘‘xenobiotics biodegradation and metabolism’’, which

contained 73, 38, and 32 DEGs, respectively. In addition,

the ‘‘energy metabolism’’, ‘‘lipid metabolism’’, and ‘‘en-

vironmental adaptation’’ subcategories were also enriched.

All of these enriched pathways and DEGs would be of

great use in breeding heat-resistant pakchoi.

Validation of the gene expression using qRT-PCR

To verify that the unigenes obtained from the computa-

tional analyses were, indeed, expressed and to analyse the

differences in gene expression between the TH and CK

groups, qRT-PCR was used to detect the expression of 6

DEGs in pakchoi (Table 4). These six genes included 3

HSPA1_8 proteins (heat-shock 70 kDa protein1/8) as well

as HSPBP1 (hsp70-interacting protein), ERF1 (ethylene-

responsive transcription factor 1), and PLD (phospholipase

D). We detected the expression of these genes after 0, 6,

12, 24, 48, 72, 96, and 120 h of heat treatment. The results

indicated that the expression of HSPBP1, ERF1, and PLD

was up-regulated rapidly and drastically, and the expres-

sion of all three heat-shock 70 kDa genes peaked at 72 h

after oscillating between over- and under-expression

(Fig. 6). Therefore, most of the qRT-PCR results were

consistent with the RNA-Seq data.

Discussion

Feasibility of RNA-Seq and assembly for non-model

species with un-sequenced genomes

Understanding the status of transcriptomes is useful for

uncovering the complexity of regulation (Mortazavi et al.

2008). In recent years, the second-generation sequencing

has enabled the faster creation of large-scale sequence

datasets at lower costs compared with the conventional

Sanger sequencing. The sequencing lengths can reach

2 9 100 bp with an Illumina HiSeq 2000 system. This is

the most accurate and efficient approach to detect the

transcriptional boundaries of genes (Fullwood et al. 2009).

We obtained transcriptomic data from heat-treated and

control pakchoi using Illumina HiSeq 2000 with PE 100 bp

sequencing, obtaining a total of *4 Gb high-quality clean

reads for each library.

Fig. 3 DEGs analyses between heat-treated and control pakchoi.

a Volcano plot for the DEGs analysis. The x-axis represents the log-

transformed fold change, and the y-axis represents the -Log10

(P value). The distributions of DEGs (P value B0.05 and FC C2 or

B0.5) identified between the heat-treated and control samples. The

red dots represent up-regulated genes; the green dots represent down-

regulated genes; b hierarchical clustering analysis of DEGs using the

expression values
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Fig. 4 GO enrichment analysis of DEGs between heat-treated and control pakchoi. The horizontal dotted line represents the significance level

(P value\0.05)

Table 3 GO enrichment analysis for DEGs in heat-treated pakchoi (P value\0.05)

Description GO TH Up CK Up DEGs Genome Significant

Count Percent

(%)

Count Percent

(%)

Count Percent

(%)

Count Percent

(%)

P value -Log10

(P value)

Death GO:0016265 43 1.84 21 1.06 64 0.71 939 0.40 0.0000 4.9494

Metabolic process GO:0008152 472 20.15 377 19.11 849 9.48 20,766 8.92 0.0327 1.4849

Response to abiotic stimulus GO:0009628 141 6.02 128 6.49 269 3.00 4552 1.96 0.0000 11.1807

Response to biotic stimulus GO:0009607 96 4.10 59 2.99 155 1.73 2478 1.06 0.0000 8.2979

Response to endogenous

stimulus

GO:0009719 104 4.44 147 7.45 251 2.80 2925 1.26 0.0000 30.6054

Response to external

stimulus

GO:0009605 42 1.79 42 2.13 84 0.94 1313 0.56 0.0000 5.2037

Response to stress GO:0006950 212 9.05 168 8.51 380 4.24 6535 2.81 0.0000 14.5207

Sequence-specific DNA

binding transcription

factor activity

GO:0003700 46 1.96 78 3.95 124 1.38 2092 0.90 0.0000 5.6289

External encapsulating

structure

GO:0030312 30 1.36 29 1.85 59 0.66 948 0.41 0.0003 3.5632

Extracellular region GO:0005576 112 5.08 51 3.25 163 1.82 2035 0.87 0.0000 17.3111

Plastid GO:0009536 176 7.98 67 4.27 243 2.71 5082 2.18 0.0004 3.3878

Thylakoid GO:0009579 58 2.63 2 0.13 60 0.67 708 0.30 0.0000 7.7476
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The length of transcripts is a very important factor that

reflects the quality of the data assembly. Compared with

the previous studies, the length of transcripts (*851 bp)

for pakchoi was shorter than those of T. chinensis

(1077 bp) (da Hao et al. 2011) and Jatropha curcas

(916 bp) (Natarajan and Parani 2011), but they were longer

than those generated from Amaranthus tricolor (831.65 bp)

(Liu et al. 2014), Phyllostachys heterocycla (612 bp) (He

et al. 2013), S. indicum (629 bp) (Wei et al. 2011), and

maize (218 bp) (Xiong et al. 2011). More importantly,

28,558 (30.12 %) of the assembled transcripts in this study

were longer than 1000 bp, with an N50 length of 1287 bp

(Fig. 1; Table 2).

Among 94,808 transcripts, 32,666 (approximately

34.45 %) were annotated successfully, revealing their rel-

atively conserved functions. However, most genes did not

annotate according to the existing databases. This relative

scarcity of identifiable genes is also due to the lack of a

complete set of genomic or transcriptomic sequences for

pakchoi.

Temperature is a highly significant environmental

factor during plant development

In this study, RNA-Seq was used to identify the DEGs

between heat-treated and control pakchoi. Several genes,

Fig. 5 KEGG enrichment analysis of DEGs between heat-treated and control pakchoi. The horizontal dotted line represents the significance

level (P value\0.05). The histogram at the top-right corner represents the DEG number for each category

Table 4 Six DEGs identified by RNA-Seq were used for validation by quantitative real-time PCR (qRT-PCR)

Gene ID Hit ID Annotations -Log10 (P value) Fold change

comp14690_c0_seq1 K03283 HSPA1_8; heat-shock 70 kDa protein 1/8 2.95 8.65

comp23506_c0_seq3 K03283 HSPA1_8; heat-shock 70 kDa protein 1/8 3.07 12.62

comp27000_c0_seq4 K03283 HSPA1_8; heat-shock 70 kDa protein 1/8 1.34 3.41

comp16463_c0_seq1 K09562 HSPBP1; hsp70-interacting protein 3.91 27.61

comp28715_c0_seq1 K14516 ERF1; ethylene-responsive transcription factor 1 4.25 34.83

comp17209_c0_seq2 K01115 PLD; phospholipase D 2.05 8.03
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intracellular pathways, and key biological processes were

involved in high-temperature stress, which likely explain

the mechanism of heat tolerance and provide scientific

evidence supporting screens for a heat-tolerant germplasm

in pakchoi. Some of the DEGs may play important roles in

facilitating pakchoi growth under high-temperature

conditions.

Role of HSPs in heat tolerance

Most organisms respond to heat stress by generating heat-

shock proteins (Walser et al. 2006; Chen et al. 2007; Wray

2007; Kang et al. 2009). Transgenic Arabidopsis contain-

ing Trichoderma harzianum Hsp70 is an abiotic, stress

tolerant plant (Montero-Barrientos et al. 2010). The pro-

teins of the Hsp70 family are constitutively up-regulated in

response to various stressors, such as heat, cold, anoxia,

and metal stresses (Li et al. 1999; Sung et al. 2001). The

Hsp70 family belongs to the multigene family. For exam-

ple, E. coli contains three Hsp70 genes and Arabidopsis has

18 Hsp70 family members, of which 14 belong to the

Hsp70 family (Lin et al. 2001). In spinach, at least 12

Hsp70 genes have been identified (Guy and Li 1998). In

our study, three HSPA genes in pakchoi were all annotated

as heat-shock 70 kDa proteins and were up-regulated sig-

nificantly until 72 h after the high-temperature treatment.

Role of ethylene-responsive transcription factor

in heat tolerance

Ethylene response factor (ERF) family proteins comprise a

subfamily of the AP2/ERF family and are responsible for

generating tolerance to stresses. Thus, a detailed study is

required to functionally characterise the roles of specific

ERFs in different stresses. ERF genes have been identified

as heat-response transcription factors, and an ERF

Fig. 6 Relative expression level of six DEGs among heat-treated and control pakchoi obtained by qRT-PCR. The x-axis indicates the treatment

time and the y-axis indicates the relative expression level of genes. Error bars represent standard errors from three independent replicates
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coactivator gene has been shown to be synergistically

expressed with ERF under heat stress (Zhang et al. 2012).

The expression of AtERF53 in Arabidopsis thaliana has

been shown to be induced by heat treatment, reaching a

3.8-fold induction at 4 h (Hsieh et al. 2013). Moreover,

ethylene response factor (ERF1, XP_002281052.1) may

play a central role in grapevine stress response, because its

expression is up-regulated after both heat-and water-deficit

stresses (Rocheta et al. 2014). Similarly, reduced antho-

cyanin accumulation and hastened ripening in response to

high temperatures have been associated with the coinci-

dental expression of HSP chaperones and ERF with the

repression of transporter-encoding genes (Carbonell-Be-

jerano et al. 2013). In our study, the expression of ERF1 in

pakchoi was up-regulated immediately and dramatically

after the high-temperature treatment. Thus, the induction of

HSP and the co-activated expression of ERF and Hsf are

critical for acclimation to adverse high temperatures.

Role of phospholipase D in heat tolerance

The regulation of heat tolerance is very complicated in

species, and several pathways in different cellular com-

partments are activated. The treatment of high temperature

results in increase Ca2? levels in cells in two ways at the

plasma membrane (PM). First, the heat stress can trigger

the alteration of membrane fluidity, which leads to the

activation of phospholipase D and phosphatidylinositol

phosphate kinase (PIPK), as well as the accumulation of

phosphatidylinositol 4,5-bisphosphate (PIP2), and phos-

phatidic acid (PA) (Mishkind et al. 2009). Second, the

stress affects the Ca2? channels opening, which results in

increased Ca2? influx (Saidi et al. 2009). In animal cells,

the studies of cation channels involved in heat tolerance

also indicate that the putative Ca2? channels may be proper

candidates for PM heat stress sensors (Sokabe et al. 2008;

Xiao et al. 2011). Phospholipase D is a critical enzyme

involved in membrane phospholipid catabolism response to

plant stress. Recently, a novel PLD gene, CbPLD, was

cloned and characterised from Chorispora bungeana (Yang

et al. 2012). The transcripts of CbPLD were induced and

greatly increased in abundance under heat stress. This

finding is similar to the results of this study, indicating that

PLD also may play an important role in response to high

temperatures in pakchoi. The functions and mechanisms of

PLD in the acquisition of thermal tolerance in plants

remain to be investigated.

In conclusion, this study provides important new

insights into heat stress adaptation and should facilitate

further studies of pakchoi genes and their functions. This

study represents a fully characterised transcriptome and

provides rich valuable resources for genomic studies in

pakchoi under heat stress.
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wangxing
文本框
简介：本文通过对热处理下的Brassica rapaL. Chinensis进行转录组测序，组装和分析，首次全面的呈现了小白菜受热激后的转录反应，鉴定了一些与热激反应的重要候选基因以及它们的功能。
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